The occurrences of multi-drug and extensive-drug resistant strains (MDR-TB and XDR-TB, respectively) have become a global concern and pose a serious challenge for public health management. Treatment of these resistant cases involves the usage of the second line of anti-tuberculosis drugs which are less effective than the first line and are known to cause adverse reactions or toxic side-effects. Tuberculosis research should not only focus on treatment methods but also on management of the current cases of resistance and measures to prevent an outbreak of resistant TB infection. This review outlines the mechanism of action of isoniazid and rifampicin and how resistance to these drugs emerges. We also provide a brief insight into the prevalence of HIV in TB patients and the challenges associated with treatment regimens in this co-infection.
Introduction
Tuberculosis, the second greatest killer worldwide after HIV/AIDS due to a single infectious organism, is a dis-ease eliciting great concern in many developing countries. It is caused by Mycobacterium strains, particularly Mycobacterium tuberculosis. In 2010 alone, it is claimed that 1.4 million lives globally and 330,000 of these deaths were from India. As of 2010, India has the highest number of reported cases of TB than any other country [1] . The first line of treatment is the use of the drugs Isoniazid (INH), Rifampicin (RIF), Ethambutol (EMB) and Pyrazinamide (PZA). The Isoniazid-Rifampicin regimen, also called INHandRIF has been in use since the 1950s and is the most commonly prescribed continuation drug combination. The generally used dosage regimen is prescribed as 2HREZ/4HR3.
However, of late, cases of M. tuberculosis strains resistant to these drugs have been detected, complicating the treatment and prolonging the drug regimen. The occurrence of multidrug resistance has become a global concern. Studies have shown that resistance to drugs occurs due to spontaneous mutation in genes involved in the antimycobacterial actions [2] . The resistance associated mutations have been described for the first-line drugs. Researchers have shown that multi-drug resistance is developed as a consequence of accumulation of mutations, i.e., no single genetic mutation can cause the MDR phenotype. The resistance acquired over time is now called as resistance among previously treated cases; and is the more common occurrence of resistance. A combination therapy was used based on the fact that the drugs used have different modes of action and on the low statistical probabilities of spontaneous mutations that cause resistance in all drugs. INH is bactericidal against replicating bacteria while RIF is bactericidal while having a sterilizing effect. The purpose of this article is to highlight the importance of isoniazid and rifampicin in the current treatment of tuberculosis.
A History of Tuberculosis
Tuberculosis has been documented in the early days in Greece where Hippocrates recognized the disease and it was called phthisis. However, the major event in the history of tuberculosis was when Robert Koch made his presentation Die Aetiologie der Tuberculose, to the Berlin Physiological Society where he demonstrated the tubercle bacilli. He was later awarded the Noble Prize in Medicine or Physiology in 1905 for his elucidation of the etiology of tuberculosis [3] . In the early twentieth century, diagnosis of TB was done using a fluoroscopy which involved X-ray imaging of the chest. The tuberculin skin test (Mantoux test) which was designed by Mantoux in 1907 is also used to detect the presence based on a skin reaction (erythema) which is defined as positive. Bacterial diagnosis was initially done using the Ziehl-Neelsen stain with bright field microscopy. The advent of fluorescence microscopy technology gradually replaced this, as it is more efficient. Serological diagnostic techniques are used when the patients are tested smear-positive. However, this is less effective in cases where the patient has minimal disease [4] .
The first milestone in the treatment of TB is generally considered to be the introduction of streptomycin antibiotic. In a study in the UK, drug resistance was seen in a five-year follow up [5] . Since single drug therapy led to the emergence of streptomycin-resistant strains, further research led to the combination treatment where streptomycin was administered along with para-aminosalicylic acid. Isoniazid, a drug which is currently in use, was first introduced in 1952 and was found to be more potent than streptomycin and para-salicylic acid. In 1967, Rifampicin was originally discovered in Italy from a new class of bacteria which produce antibiotics and was introduced for the treatment of tuberculosis along with the other anti-tuberculosis drugs. This leads to the use of combination of drugs as treatment for tuberculosis [6] . Treatment of tuberculosis can take place in hospitals (Sanatoriums) or at the home of the patient (Domiciliary Treatment). Though hospitalization is the most effective single measure in the control of tuberculosis for the individual as well as the community [7] , it is difficult to accommodate large numbers of patients owing to the limited bed-space. This led to the domiciliary program where selected patients have shortened hospitalizations and the treatment was continued at the patients' residences. This became the leading practice in developing countries by the 1960s [8] .
The Bacillus Calmette-Guerin (BCG) vaccine against tuberculosis was first tested in humans in 1921 and has been given to infants as a standard practice since 1974. The first randomized trial of streptomycin against pulmonary tuberculosis was carried out in 1946-1947 by the MRC Tuberculosis Research Unit, England. Currently, trials are being carried out to explore the possibility of using INH and Rifapentine (RPT) as a chemo-prophylactic in areas of high TB incidence [9] . A randomized clinical trial using these drugs was carried out in Brazil. It compared 12 weekly doses of DOT INH-RPT with 2 months of daily RIF and PZA in latent-infected subjects aged ≥ 18 years [10] . TB was diagnosed in three INH-RPT recipients and one RIF-PZA recipient. A recent study was conducted to study the possibility of using Moxifloxacin as a primary drug along with INH, RIF and PZA [11] as Moxifloxacin was shown to be a potential sterilizing drug [12] . It was found that moxifloxacin significantly increased the conversion of sputum cultures to negative in patients with pulmonary tuberculosis in the Phase 2 trial and these results suggest that tuberculosis treatment can be shortened by one or several months. Advances have been made in the detection of Tuberculosis using better techniques. In a Peruvian study of 218 Peruvian children with suggestive symptoms against 238 healthy controls, Microscopic Observation Drug Susceptibility (MODS) culture increased pulmonary TB diagnostic sensitivity and speed compared with Lowenstein Jensen medium culture [13] . PCR was insufficiently sensitive or specific for routine diagnostic use, but in high risk children duplicate Gastric Aspartate PCR provided same-day identification of half of all culturepositive cases. In recent years, there has been an increase in drug-resistant strains of Mycobacteria. Many clinical trials have highlighted the importance of extensive molecular diagnostics and comprehensive phenotypic drug susceptibility testing in designing a tailored anti-tuberculosis regimen in highly resistant TB [14] - [17] . [19] . Mycolic acid confers the bacterium with resistance to chemical damage and dehydration, and prevents the effective activity of hydrophobic antibiotics. In addition, mycolic acid allows the bacterium to grow readily inside macrophages, effectively hiding it from the host's immune system. These reasons are vital for the selection of mycolic acid as a drug target. Once circulated in the bloodstream, the isoniazid prodrug is activated via a bacterial catalase-peroxidase enzyme, encoded by KatG gene [20] . This enzyme is a hemeB containing dimer, and only one of whose domains are functional. Its role is to combat the low pH found during the "oxidative burst" in human phagocytes, where liberated O 2 radicals are converted to H 2 O 2 within the phagosome. It catalyses the formation of an activated isoniazid intermediate which binds to the InhA protein. InhA is an enoyl-acyl carrier protein reductase. This complex inhibits fatty acid synthesis and subsequently halts mycolic acid production.
The two enzymes involved in the elongation cycle of the fatty acid biosynthesis, namely enoyl-acyl carrier protein reductase (InhA) and β-ketoacyl-acyl carrier protein synthase (KasA). These are believed to be targets of the activated inhibitor [21] .
Action of isoniazid is most prominent in the first week of drug administration as it acts on rapidly multiplying bacteria. On slow growing bacteria, it acts as a bacteriostatic agent.
The adverse effects of Isoniazid may result in discontinuation of treatment in some cases. The side effects can be classified astoxic, idiosyncratic and hypersensitivity reactions. Major toxic reactions are peripheral neuropathies at conventional dosage and seizures from overdosage. Idiosyncratic reactions are INH-induced lupus erythematosus, rheumatic-like syndromes and other hematologic disorders. Hypersensitivity reactions to isoniazid include hepatitis, dermatitis, fever, and haemolytic anaemia [22] . If the Mycobacterial strain is resistant to low dosage of INH (300 mg/day) in primary therapy, then a higher dosage (1 -1.5 g/day) is administered to overcome the resistance. This high dosage of INH in the re-treatment of drug-resistant tuberculosis has been validated in clinical trials [23] .
Rifampicin
Rifampicin (also 4-methyl-1-piperazinaminyl, RIF or R) (Figure 2 ) is a broad-spectrum lipophilic antibiotic. It inhibits bacterial RNA synthesis by binding to the β subunit of DNA-dependent RNA polymerase, thus blocking RNA transcription [24] . The enzyme-bound drug strongly inhibits RNA chain initiation and chain elongation. The drug specifically inhibits the transition from synthesis of short oligoribonucleotides to full-length transcripts by a steric-occlusion mechanism. It has been documented that no treatment course shorter than 18 months has an acceptable success rate without rifampicin in the regimen [25] . In addition, rifampicin should always be used in initial anti-tuberculosis treatment, unless the patient has an isolate shown to be rifampicin resistant.
The adverse effects of Rifampicin are hepatic and immunoallergic in nature. Hepatic toxicity is dose related and has been observed mainly in patients with a history of liver disease. Patients receiving it undergo frequent liver function tests to detect liver damage as rifampicin promotes the upregulation of hepatic cytochrome P450 enzymes in the liver. Immunoallergic effects may range from minor discomforts like a cutaneous, gastrointestinal, or influenza-like syndrome to hemolyticanemia, shock, or acute renal failure [26] .
Emergence of Drug-Resistant Tuberculosis

Multi Drug-Resistant TB (MDR-TB)
Multidrug-resistant tuberculosis (MDR-TB) occurs when the organisms show a high-level resistance to both isoniazid and rifampicin, regardless of resistance to other anti-TB drugs. The diagnosis of MDR-TB is by performing drug sensitivity tests (DST) on the isolates. DST data can also be used to identify the drug regimen. Second-line anti-tuberculosis drugs are less effective than first-line drugs and are known to cause adverse reactions more frequently. This class of anti-tuberculosis drugs includes para-aminosalicylic acid (PAS), amikacin, capreomycine, thionamide and cycloserine. New drugs such as rifapentine, levofloxacin, gatifloxacin and moxifloxacin have not yet been categorized. A retrospective study in Hong Kong compared the efficacy of two fluoroquinolones-Levofloxacin and Ofloxacin in the treatment of MDR-TB. They administered these drugs along with accompanying second-line drugs and found that Levofloxacin had a 90.0% overall success rate as compared to 79.7% success rate of Ofloxacin [27] .
Extensively Drug-Resistant TB (XDR-TB)
Extensively drug resistant TB (XDR-TB) is a rare type of multidrug-resistant tuberculosis (MDR-TB) in which the organisms are resistant to isoniazid and rifampicin, in addition to one fluoroquinolone and one of the secondline drugs.
Recent research has shown that Thioridazine (TDZ) may be effective in treating XDR-TB; although there needs to be more trials [28] . In another study, XDR-TB cases that were based on the DST (Drug Susceptibility Test) data and analysis (available within 31 days prior to beginning of treatment) had a better outcome when compared with XDR-TB cases in which the DST results were obtained after over 31 days of treatment [29] .
Total Drug Resistance
Totally Drug Resistant (TDR) tuberculosis is a recent development where the Mycobacterial strains are resistant to both first and second line drugs. This phenomenon has been documented only in India, Iran, Italy and South Africa so far. It develops after MDR and XDR cases have been poorly handled and drug administration has been intermittent and follow-up has been irregular. The first case of TDR-TB was reported in Italy in 2006 [30] followed by Iran in 2009 [31] and India in 2012 [32] . Patients who display TDR-TB were found to be resistant to first line drugs and combinations of second line drugs when subjected to Drug Susceptibility Tests (DST). They have also been shown to display phenotypic resistance, carrying mutant versions of the KatG, rpoβ, gyrA, rrsand InhA genes.
As there are no drugs currently prescribed for cases with this degree of severity, it has been stressed by the Centres of Disease Control (CDC), USA that patients who have been tested positive for TDR-TB should be allowed access to promising drugs that have demonstrated in-vitro activity against M. tuberculosis.
Mode of Resistance
While the modes of resistance for of the anti-tuberculosis drugs haven't fully been understood and characterized, some of the reasons which have been documented are described here.
Isoniazid
Monoresistance to isoniazid is the most common mutation in M. tuberculosis strains, leading to drug resistance. In addition, the development of INH resistance is more complex than Rifampicin [33] . In vivo, INH is activated by the enzyme catalase peroxidase encoded by the katG gene. Studies show that mutations in this gene are seen in approximately 50% of INH-resistant strains [34] . Of these, the most common mutation is the Ser315Thr mutation which causes an enzyme with reduced activity but with high-level resistance to isoniazid. In a study of 85 INHresistant strains from global sources, amino acid 315 (Ser) was found to be mutated in 49 (58%) isolates [35] . The other less-frequent mutations yield resistance of varying levels. The abundance of KatG315 amino acid changes can be attributed at a study in which the activities of wild-type KatG were compared with a mutant. The catalase activity of the Ser315Thr mutant was reduced 6-fold, whereas the peroxidase activity was only decreased < 2-fold. The Ser315Thr mutant is a competent catalase-peroxidase that has reduced ability to metabolize INH. This is important as it allows the bacterium to detoxify anti-bacterial radicals while simultaneously reducing the conversion of INH to its prodrug [36] . In case of low-level isoniazid resistance, mutations were found in promoter regions of inhA, acpM and kasA. The mutations of these are thought to cause over-expression of these proteins; thus rendering isoniazid to be ineffective [37] .
Rifampicin
Rifampicin resistance occurs only after an initial resistance to another drug such as isoniazid. Thus, it could be used as a diagnosis for MDR TB.
Isolates which are resistant to rifampicin have a mutation that alters the sequence of a 27-amino-acid region of the β subunit of the RNA polymerase enzyme. Studies have shown that over 95% of the rifampicin resistant strains have a particular mutation in the rpoβ gene in the 81bp region [34] .
High level resistance most commonly occurs (65% -86%) due to alterations in codon526 or codon531. The most common amino acid substitutions were Ser531Leu (42%) and His526Tyr (23%) [38] (Figure 3) . Mutations in codons 511, 516, 518 and 522 have shown to cause low-level resistance to rifampicin and rifapentinbut are still susceptible to rifalazyn and rifabutin. Susceptibility tests were conducted globally in locations such as Korea, Japan, Germany and Mozambique. The frequency of altered codons were analysed and compared with the global results [39] - [41] . It was shown that geographic differences do not account for Rifampicin resistance, i.e., the frequency of the altered codons 526 or 531 cannot be said to be concentrated in any geographical location.
Various molecular diagnostic techniques exist for determining RIF resistance. They include genotypic tests like DNA sequencing, polymerase chain reaction single strand conformation polymorphism (PCR-SSCP), real-time PCR and Line probe Assays and phenotypic tests such as Luciferase reporter phage assay,BACTEC MGIT 960 system and phage amplified biological assay (PhaB) [42] . DNA sequencing is considered to be the gold standard for molecular diagnostics and has been shown to be more effective in determining Rifampicin resistance as compared to other tests [43] . As RIF binds to the β-subunit of the RNA polymerase, the region surrounding it (codon 507-533) is considered a resistance hotspot, called Rifampicin Resistance Determining Region (RRDR). Mutations within this hotspot are most likely to cause RIF resistance [44] . Table 1 summarises the commonly used anti-tuberculosis drugs, their site of action and the gene responsible for resistance development.
Emergence of Drug Resistance to INH and RIF Regimens
Non-Compliance Leads to Drug Resistance
One of the mechanisms by which MDR strains develop is due to non-compliance of the patients, i.e., they do not complete the entire course of treatment.
At the beginning of INH and RIF regimen, Isoniazid has a high bactericidal activity. This condition will favour the mutant's resistance to INH alone. If the patient stops taking the regimen in 2 -3 days, it is likely that the bacterial population will grow again with an increase in number of INH-resistant mutants. Rifampicin is known to selectively kill some of the dormant population of the bacteria; thus effectively creating a monotherapy-like condition. Sub-inhibitory concentrations of RIF will cause re-growth leading to selection towards those cells resistant to the drug [45] .
When the treatment regimen is specified for a certain number of months, it is done on the basis of the fact that there are cycles of bactericidal activity and re-growth of the dormant bacilli. When patients stop taking the drugs before the completion of the drug regimen, it gives a chance for the dormant bacilli to regrow. But this population will be highly favoured toward resistant strains. This can occur in widely-spaced combination therapy as well [46] . This defines the rationale behind the importance of supervision to ensure completion of the treatment.
The factors that could contribute to non-compliance include: complexity and duration of regimen, difficult access to health care centre particularly in rural areas, adverse side effects, lack of attaching importance to regimen, the feeling of having no more symptoms to treat, treatment for other conditions like AIDS.
Monotherapy Can Lead to Resistance
When a single drug is given to a TB patient, it often happens that the bacterial population which was initially sensitive to the drug becomes resistant to it. This is due to the fact that once a single drug is administered; it favours the selection of mutants resistant to it. Thus, the growth of previously dormant bacilli will begin to exhibitresistance. Isoniazid resistance is frequently encountered among the M. tuberculosis population. Monotherapylike conditions in a combination therapy can also induce resistance. Isoniazid is generally the primary resistance as INH acts first on the multiplying bacteria, in the initial few days of combination therapy. Rifampicin resistance can later occur when the bactericidal cycle shifts to the dormant bacilli.
The main reason for the combination therapy is that giving four drugs at once will reduce the possibility of resistance development. Thus, even though there are new drugs being researched, they are always given along H&R to ensure that monoresistant bacilli do not emerge as a result of the treatment [47] [48].
Tuberculosis and HIV
Immunocompromised HIV patients have between 20 -37 times greater risk of developing tuberculosis as compared to individuals without HIV infection. The co-infection with tuberculosis complicates the treatment regimen, resulting in non-responsiveness of the individual to Anti-retroviral therapy (ART). Moreover, in the presence of HIV, diagnosis of TB cannot be made based only on the conventional diagnostic methods, vis. Sputum smear and Tuberculin test, as they do not provide adequate diagnostic help. Comprehensive clinical and radiological investigations have to be conducted in order to diagnose TB at immunosuppressed states [49] .
HIV infection is associated with both an increased incidence of TB and altered clinical symptoms. HIV progression is characterized by the inability to react to a skin test (cutaneous anergy) and impaired tissue containment of mycobacteria, leading to widespread dissemination of the bacterium [50] . Observational studies on patients with advanced HIV have reported a higher risk of acquired rifampicin resistance when highly intermittent regimens are used in these patients [51] . Factors that have been associated with higher failure and relapse rates along with increased mortality during treatment and follow-up are: severe immunosuppression, highly intermittent rifampicin administration, lack of rifampicin in the regimen used and duration of treatment of <6 months.
Antagonistic Activity of INH and RIF towards Anti-Retroviral Drugs
Drugs used in the treatment of tuberculosis interfere with the anti-retroviral drugs, lowering their efficacy. Rifampicin induces the CYP-3A enzyme system in the liver and intestinal wall, thereby increasing the metabolism of the antiretroviral drugs-Protease Inhibitors (PI) and non-nucleoside reverse transcriptase inhibitors (NNRTIs). When rifampicin and antiretroviral drugs are administered together, decreased trough levels (i.e. the lowest level that a medicine is present in the body) may result, leading to therapeutic failure. Peripheral neuropathy which can be due to HIV can be further aggravated by Isoniazid [52] . Clinical trials in HIV-infected persons have shown that the incidence of TB can be reduced by 40% -60% by preventive therapy (chemoprophylaxis) [53] . The standard chemoprophylactic regimen is Isoniazid for 12 months.
As there is presently no national policy regarding TB preventive therapy for HIV positive persons in India, Highly Active Anti Retroviral Therapy (HAART) can be used for MDR-HIV patients. A Brazilian population study reported an 80% reduction in TB incidence in HAART-treated HIV-infected patients compared to ARTnaïve patients [54] [55] . Through further clinical studies and a rigorous monitoring of HIV status, it is possible to develop an HAART drug regimen suitable for the Indian population.
Tuberculosis Treatment in the Current Era
Taking into consideration the rate at which drug resistances in tuberculosis are steadily increasing, it is the need of the hour that novel drugs are introduced and the treatment duration is shortened. In this regard, new classes of drugs have been developed such as fluoroquinolones, nitroimidazoles, oxazolindiones, etc. A combination therapy containing the right cocktail of these drugs can be administered to the patient depending on his level of resistance to other drugs. It has been shown that Moxifloxacin and Gatifloxacin were proposed as a combination therapy in the condition of low-level quinolone resistance owing to their low mean MIC [56] . Another novel compound that is gaining widespread attention is PA-824. It is a niroimidazone that has been shown to be active against both replicating and non-replicating bacteria [57] . Usage of this new compound resulted in a much higher bactericidal activity (0 CFU/ml) as compared to treatment with rifampicin (5 CFU/ml) and pyrazinamide (7 CFU/ml) [58] . In a study of phase II clinical trials in South Africa, the combination therapy PaMZ, which consists of PA-824, moxifloxacin and pyrazinamide killed more than 99% of TB bacteria within 14 days, thus making it potentially suitable for treating both drug sensitive and multidrug resistant tuberculosis [59] .
In a recent press release, TB Alliance has licensed CSIR India to begin Phase 2b trials for a treatment regimen containing PA-824, Moxifloxacin and Pyrazinamide (PaMZ) at low cost. This regimen has been shown to be effective in shortening treatment duration, including some drug-resistant forms of TB [60] (Figure 4) .
Other promising drugs that are in various stages of clinical trials are: Bedaquiline, SQ109, Sutezolid, Linezolid, Metronidazole and AZD5847 among many others. SQ109 is anethylenediamine that could be used in cases of phenotypic resistance to rifampicin and isoniazid in a combination therapy [61] . Bedaquiline is a diarylquinalone whose addition to the standard regimen for multi-drug resistant tuberculosis resulted in quicker conversion to negative sputum culture [62] . An important aspect in clinical trials involving any new compound is that it is always introduced in combination with the established anti-mycobaterial drugs: Isoniazid, Rifampicin and Pyrazinamide. Hence, notwithstanding the development of new anti-tubercular drugs and rising multi-drug resistances, Isoniazid and Rifampicin remain a major component of modern tuberculosis treatment regimens.
Summary
Drug-resistant TB poses a significant threat to humans and is a global cause for concern. It is said that one in three persons have dormant tuberculosis bacteria and the person develops TB when the bacteria are no longer dormant. According to Espinal et al., 2001 , MDR-TB poses a serious problem in Eastern Europe (Estonia, Latvia and Russia), highly populated countries like Indian and China (which accounts for 39% of the TB cases) and countries in Africa. MDR-TB is associated with higher rates of failure and death, so countries should adopt programs that would be effective such as the Directly Observed Therapy (DOTS) and DOTS plus+ of the World Health Organization. While usage of second line drugs is considered, it should be done in accordance with established tuberculosis control programs. Although Rifampicin is the primary drug responsible for killing the bacilli, studies and research in the Americas where Rifampicin is eliminated in the continuation phase of the therapy has shown markedly low number of resistant cases [63] . With such statistics, is essential to not only treat TB, MDR-TB and XDR-TB, but also work on preventing the further emergence of drug resistant bacteria. The combination therapy has been internationally approved, and this along with strict adherence to the drug regimen will help the Directly Observed Therapy (DOTS) and DOTS plus+ programs in treating MDR-TB and also the non-compliant patients. Further studies in assessing the mutation involved in resistance (particularly KatG) using new technology will help in understanding the different dimensions of the pathogenesis which will ultimately be useful for new drug targets and preventive intervention. Studies on the hypermutable state which is induced by certain physiological conditions would provide more insights in preventing resistance in the strains.
However, it is of prime importance to prevent an epidemic of multi drug resistance strains to ensure that it is not transmitted to the community. The measures to manage multi drug resistance will be successful only when there is judicial usage of the first line drugs while discouraging use of second-line drugs. There should also be measures taken to prevent the transmission of the mutant strains in the community.
Thus, it should be noted that the two most potent drugs are isoniazid and rifampicin and there are no substitutes for this currently. The combination therapy is important because it can help to avoid emergence of drug resistance as in the case of monotherapy. The focus should be on wise usage of these first line drugs along with adhering to tuberculosis treatment protocols so that the probabilities for mutation and drug resistance are reduced.
In the current era of tuberculosis management, novel therapeutic compounds have been introduced along with Isoniazid and Rifampicin. Thus, although there are increasing cases of worldwide resistance to Isoniazid and Rifampicin, they are an indispensable asset in the treatment and management of tuberculosis.
